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CURRENT  SEkIAL  RECORDS 

Alkylating  agents  derived  from  ethylenimine  (aziridine)  were 
among  the  first  insect  chemosterilants  found  to  affect  the  reproductive 
capacity  of  male  house  flies  (Musca  domestica  L.)«   The  historical 
development  of  the  search  for  effective  chemosterilants  was  reviewed 
by  Lindquist  (8^)  ,i/  Borkovec  (1.-1),  and  Smith  et  al.  (10).   Since  1960, 
chemists  and  entomologists  of  the  Entomology  Research  Division  have 
cooperated  in  an  extensive  program  of  synthesis,  procurement,  and 
testing  of  over  300  azlridinyl  compounds.   Borkovec  (_3)  reviewed  some 
of  the  results  of  testing  and  the  results  of  the  dose-response 
relationship  and  structure-activity  correlation  studies.   In  this 
publication  we  present  the  complete  list  of  and  summarize  the  screening 
data  for  all  aziridinyl  compounds  tested  on  adult  house  flies  in  our 
laboratories  .2J 

R-,  to  Re  can  be  substituted  for  the  five  hydrogen  atoms  in 
aziridine  (ethylenimine),  as  shown  in  figure  1. 


Rr 


Figure  1. — Substitution  of  R^^  to  R^  for  five  hydrogen 
atoms  in  aziridine. 


±J    Numbers  in  parentheses  after  the  authors'  names  refer  to 
Literature  Cited  at  the  end  of  this  report. 

— '  Mention  of  chemical  compounds  in  this  report  is  not  a 
recommendation.   No  product  should  be  used  in  insect  control  unless 
it  is  registered  for  the  specific  use  intended,  as  clearly  shown  on 
the  product  label. 


The  nature  of  the  substituents  and  the  degree  of  substitution 
on  the  ring  affect  the  chemical,  physical,  and  biological  properties 
of  the  parent  compound.   Aziridine  is  a  volatile  (b.p.  57"  C.)  and  a 
highly  reactive  liquid.   It  can  be  converted  by  appropriate  substitution 
to  almost  inert  solid  materials,  which  melt  at  temperatures  above  200* 
and  are  insoluble  in  all  common  solvents  (e.g.,  table  2,  compound  35). 
Between  these  two  extremes  is  a  great  variety  of  aziridinyl  compounds, 
some  of  which  are  highly  effective  chemoster Hants  for  many  species  of 
insects. 

Although  all  chemosterilants  are  to  some  extent  species  specific, 
the  aziridinyl  compounds  have  the  broadest  spectrum  of  activity,  and 
all  species  of  insects  tested  thus  far  have  been  at  least  slightly 
susceptible  to  their  sterilizing  effects.   Thus  the  house  fly,  which 
has  a  relatively  short  life  cycle,  is  easily  reared,  and  is  readily 
treated  with  the  test  compounds,  is  an  almost  ideal  subject  for 
screening  purposes.   However,  neither  the  qualitative  nor  the  quanti- 
tative structure-activity  correlations  derived  from  tests  of  house 
flies  can  be  related  to  other  species  of  insects  without  exceptions. 
Only  the  broadest  generalizations  concerning  the  structural  requirements 
of  effective  sterilants  can  be  applied  to  the  selection  of  candidate 
compounds  for  an  untested  species. 

Of  the  301  aziridines  listed  in  tables  1-4,  102  were  synthesized 
in  our  laboratories.   Many  of  the  others  were  originally  synthesized 
as  potential  antitumor  agents,  and  samples  were  made  available  to  us 
through  the  Cancer  Chemotherapy  National  Service  Center,  National 
Institutes  of  Health,  Public  Health  Service.   The  remaining  compounds 
were  donated  by  industrial,  academic,  and  other  laboratories  here  and 
abroad. 

Since  most  aziridinyl  compounds  are  sensitive  to  acids,  bases, 
and  heat,  generally  all  compounds  used  in  our  tests  were  stored  in  a 
refrigerator,  and  any  prolonged  contact  with  water,  acids,  bases,  or 
other  reactive  materials  was  avoided.   However,  in  spite  of  these 
precautions,  some  more  sensitive  aziridines  may  have  been  partially 
decomposed  by  the  time  the  screening  was  completed.   Neither  the  sugar 
nor  the  regular  fly  food  diet,  in  which  the  candidate  compounds  were 
administered  to  flies,  is  sufficiently  acidic  or  basic  to  cause  serious 
difficulty,  but  the  exposure  of  the  formulated  chemosterilants  to 
warm  moist  air  and  to  fly  excreta  in  the  test  cages  undoubtedly  caused 
some  degradation  of  sensitive  compounds.   Therefore,  it  was  not  safe 
to  base  conclusions  about  structure-activity  or  other  relationships 
on  isolated  tests,  particularly  if  such  tests  happened  to  be  negative. 
However,  the  series  of  tests  made  at  various  concentrations  or  in  various 
media  did  give  a  rather  reliable  picture  of  activity,  and  all  our 
generalizations  concerning  qualitative  and  quantitative  effects  of 
aziridines  are  based  on  such  series. 
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Highly  unstable  aziridinyl  compounds  that  were  expected  to 
decompose  or  to  disappear  within  a  short  time  after  formulation  were 
excluded  from  the  study.   However,  we  did  test  a  group  of  volatile 
monoaziridines  (table  1,  compounds  1,  3,  4,  71)  in  an  aqueous  medium, 
the  results  of  these  tests  are  not  strictly  comparable  with  the  results 
obtained  with  solid  formulations,  but  they  provide  a  good  indication  of 
the  activity  of  volatile  compounds  administered  orally. 


SCREENING 

In  1961,  a  standardized  technique  for  testing  insect  chemo- 
sterilants  on  adult  house  flies  was  developed  in  our  laboratory  at 
Orlando,  Fla.,  (which  was  later  moved  to  Gainesville,  Fla.).   Compared 
with  previous  methods  (6^,  _7)  ,  this  technique  included  two  new  features — 
the  determination  of  percentages  of  pupation  and  the  administration  of 
the  sterilant  in  two  media.   Insects  treated  with  chemosterilants  lay 
only  a  few  or  no  eggs  or  the  eggs  fail  to  hatch;   however,  some 
chemosterilants  have  delayed  effects,  that  is,  the  eggs  of  treated 
insects  hatch,  but  the  larvae  die  before  reaching  the  pupal  stage. 
Thus  the  determination  of  percent  pupation  is  necessary  in  evaluating 
the  delayed  effects.   Also,  chemosterilants  frequently  have  different 
quantitative  effects  when  administered  in  different  media.   The 
reasons  are  not  fully  understood,  and  the  effects  of  media  on  activity 
usually  cannot  be  predicted. 

We  administered  candidate  compounds  in  two  diet  media — granulated 
sugar  or  regular  fly  food,  which  is  a  mixture  of  six  parts  sugar,  six 
parts  powdered  nonfat  dry  milk,  and  one  part  powdered  egg  yolk.   A 
measured  quantity  of  the  candidate  compound  was  dissolved  or  dispersed 
in  a  suitable  volatile  organic  solvent  (e.g.,  acetone).   Then  the 
solution  was  mixed  with  the  media,  the  solvent  was  evaporated,  the 
residue  was  repulverized,  and  the  treated  diet  was  placed  in  a  cage 
containing  100  newly  emerged  flies  of  both  sexes.   Similar  cagea  of 
100  flies  were  provided  with  untreated  diet  and  were  used  as  checks. 
After  3  days  the  treated  flies  were  examined  for  mortality  caused 
by  the  sterilant,  and  then  untreated  regular  fly  food,  which  provided 
the  protein  for  egg  development,  was  offered  to  those  flies  that  had 
been  fed  the  treated  sugar  diet. 

When  the  flies  were  6  to  7  days  old,  a  sample  cup  containing 
1.2  cm  of  moist  CSMA  (Chemical  Specialties  Manufacturers  Association)^./ 
medium  was  put  in  each  cage  to  provide  a  convenient  site  for  oviposition. 
After  4  to  6  hours  the  cup  was  removed  and  filled  with  water,  and  the 
medium  was  stirred  to  break  up  the  egg  masses.   If  no  eggs  were  laid, 
the  oviposition  medium  was  offered  again  at  intervals  of  1  to  2  days 
until  it  had  been  offered  five  times  or  until  the  flies  oviposited. 
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A  random  sample  of  100  eggs  was  collected  from  each  cup  and  placed  on 
a  small  piece  of  wet  black  cloth,  which  was  laid  on  top  of  moist  larval 
medium  in  a  rearing  container.   After  the  eggs  had  been  exposed  on  the 
larval  mediiom  for  2  to  3  days,  the  percent  hatch  was  determined.   Since 
larvae  that  hatched  crawled  from  the  cloth  into  the  rearing  medium,  the 
pupae  there  were  counted  about  a  week  after  oviposition  to  determine 
the  number  of  larvae  that  had  developed  into  pupae. 

In  tests  for  male  sterility,  only  male  flies  were  offered  the 
treated  diet.   Insemination  of  females  was  insured  by  confining  these 
treated  males  to  cages  with  one-half  their  number  of  virgin  females. 
Then  ovipositing  females  were  egged  two  or  three  times,  and  the  percent 
hatch  and  pupation  were  determined  in  the  usual  way.   The  results  of 
the  second  and  third  eggings  indicated  the  permanence  of  the  effects 
of  the  male  chemosterilant .   High  percent  sterility  in  the  first  batch 
of  eggs  and  low  or  no  sterility  in  the  second  and  third  batch  indicated 
temporary  sterilization. 

Most  compounds  were  first  tested  at  a  concentration  of  1  percent, 
Those  causing  sterility  or  mortality  were  tested  at  lower  concentrations. 
Those  producing  only  partial  sterility  at  1  percent  were  tested  at  2.5 
and  5.0  percent.   Some  compounds  available  only  in  small  quantities 
were  not  tested  in  both  media  or  at  all  concentrations. 


DISCUSSION  OF  RESULTS 

The  screening  results  are  summarized  in  tables  1-4.   The 
compounds  are  divided  into  four  categories  according  to  the  number 
of  aziridinyl  groups  they  contain.   In  table  1  are  listed  the 
monoaziridines  tested,  in  table  2  the  diaziridines,  in  table  3  the 
triaziridines,  and  in  table  4  the  polyaziridines  with  four  to  eight 
aziridinyl  rings  per  molecule.   The  first  three  categories  of 
aziridines  are  also  subdivided  according  to  the  mode  of  substitution 
on  the  aziridinyl  ring.   As  indicated  in  figure  1,  the  substituents 
R2  to  R5  can  be  hydrogen  or  some  other  monovalent  group.   Thus  tables  1-3 
contain  only  those  aziridines  in  which  at  least  one  of  the  substituents 
R2  to  R5  is  not  hydrogen.   The  last  group  of  aziridines  (table  4)  is 
rather  small,  and  further  subdivision  appeared  unnecessary. 

The  unsubstituted  aziridine — ethylenimine  (table  1,  compound  1) — 
is  a  volatile  liquid  soluble  in  all  common  solvents.   This  compound 
is  a  basic  building  stone  of  all  aziridines,  and  numerous  experiments 
were  made  to  determine  its  effects  on  the  reproduction  of  house  flies. 
Since  the  lack  of  activity  it  showed  when  fed  in  the  dry  sugar  diet 
could  have  been  caused  by  its  rapid  volatilization,  the  compound  was 
next  given  in  an  aqueous  sugar  solution.   However,  the  results  were 
only  moderate,  even  though  house  flies  can  consume  a  considerably 
larger  amount  of  a  test  compound  in  sugar  water  than  in  solid  food. 
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Borkovec  et  al.  (4^),  therefore,  tried  to  avoid  decomposition  of 
the  highly  reactive  ethylenimine  in  the  flies'  digestive  system  and 
to  insure  its  entry  into  the  hemoljraiph  by  injecting  male  house  flies 
with  0.2  to  5.0  yg.  of  ethylenimine  per  fly.   Again  this  treatment 
did  not  produce  any  appreciable  sterility  in  the  insects.   Also,  a 
solid  complex  of  ethylenimine  with  picric  acid  (table  1,  compound  2) 
had  no  effect  on  the  fertility  of  treated  flies.   Ethylenimine  apparently 
is  only  a  weak  house  fly  chemosterilant ,  and  the  high  activity  of  the 
many  effective  aziridinyl  compounds  is  not  the  result  of  their  degradation 
to  free  ethylenimine  in  the  organism. 

The  data  in  tables  1-4  show  that  although  the  sterilizing 
activity  of  an  unsubstituted  or  C-substituted  aziridine  can  be  increased 
by  appropriate  N-substitution  (fig.  1,  R^) ,  all  attempts  to  increase 
the  activity  of  an  unsubstituted  or  N-substituted  aziridine  by  any 
C-substitution  (fig.  1,  R2  to  R5)  were  unsuccessful.   Thus  we  can 
generalize  that  varying  the  substitution  on  the  aziridinyl  nitrogen 
is  the  only  way  to  improve  the  sterilizing  activity  of  any  given 
aziridine,  and  the  types  of  substituents  that  produce  effective  sterilants 
are  limited  to  groups  containing  polar,  high  electron-density  systems. 
The  most  common  of  the  groups  are  shown  in  figure  2. 


+6     -6  +6     -6  +6     -6 

C  =  0  P  =  0  s  =  o 

+6     -6  +6     -6 

C  =  N  P  =  N  -6 

+6    0 

+6     -6  +S            -&  S^ 

C  =  S  P  =  S  ^^0 


Figure  2. — Substituents  on  aziridinyl  nitrogen  occurring 
in  active  chemosterilants 


Though  the  positive  end  of  the  polar  group  of  most  effective 
compounds  is  attached  directly  to  the  aziridinyl  nitrogen,  the  group 
can  exert  some  effect  even  through  one  methylene  group.   For  example, 
compare  compound  24  with  5  and  28  with  7  (table  2) .   This  broad 
generalization  concerning  the  effects  of  substitution  on  aziridinyl 
nitrogen  is  valid  without  regard  to  the  type  or  number  of  substituents 
on  the  aziridinyl  carbons  or  to  the  number  of  aziridinyl  rings  present 
in  the  molecule.   The  number  of  functional  alkylating  groups  required 
for  sterilizing  activity  was  discussed  in  detail  by  Borkovec  (_3)  . 
The  present  experimental  results  confirm  that  conclusion  that  active 
chemosterilants  can  be  found  among  both  monofunctional  (table  1)  and 
poly functional  (tables  2  and  4)  aziridinyl  compounds  but  that  the 
polyfunctional  compounds  are  generally  more  active  than  their  mono- 
functional  analogs. 

-  5  - 


A  second  generalization  becomes  apparent  when  the  activity 
of  compounds  shown  in  tables  1-3  is  compared  with  the  activity  of 
analogous  C-substituted  compounds  shown  in  these  tables.   It  concerns 
the  effects  of  substitution  on  the  aziridinyl  carbon  atoms.   If  two 
analogous  compounds,  one  without  C-substituents  and  the  other  with 
C-substituents,  are  compared,  the  unsubstituted  compound  invariably 
shows  higher  sterilizing  activity  than  the  substituted  compound. 
C-methyl  substitution  appears  the  least  injurious  to  the  activity  of 
the  parent  compound,  and  the  differences  between  the  effects  of  such 
pairs  of  compounds  are  sometimes  too  small  to  be  detected  by  the 
feeding  method.   See,  for  example,  table  2,  compounds  30  and  99,  22  and 
98,  and  35  and  102. 

Detailed  quantitative  studies  in  which  the  dose  administered 
to  each  individual  insect  is  precisely  known  are  laborious,  and  they 
have  been  conducted  with  only  a  few  compounds.   Nevertheless,  the 
results  of  quantitative  experiments  performed  with  tepa  (table  3, 
compound  8)  and  metepa  (table  3,  compound  14)  by  Chang  and  Borkovec  (_5) 
on  male  house  flies  and  by  Murvosh  et  al.  (_9)  on  flies  of  both  sexes 
confirm  the  conclusion  that  C-methylation  substantially  reduces  the 
activity  of  the  parent  compound. 

Substitution  with  electron-withdrawing  substituents  on  the 
aziridinyl  carbon  is  difficult  because  synthesis  is  a  problem,  and 
only  a  limited  number  of  such  derivatives  is  known.   However,  the 
lack  of  activity  of  an  ethoxycarbonyl-substituted  compound  (table  3, 
compound  25)  derived  from  an  active  unsubstituted  compound  (table  3, 
compound  8)  indicates  that  whatever  the  electronic  characteristics  of 
the  substituents,  the  major  activity-reducing  factor,  that  is, 
substitution  on  the  aziridinyl  carbon,  cannot  be  overcome. 

The  physical  properties  of  aziridinyl  compounds  are  probably 
as  important  in  determining  their  sterilizing  activity  as  their 
chemical  structures.   However,  all  attempts  to  correlate  solubility, 
molecular  shape,  size,  or  other  physical  properties  with  the  sterilizing 
activity  of  aziridinyl  compounds  have  been  unsuccessful.   Many  highly 
active  aziridines  are  soluble  in  both  polar  and  nonpolar  solvents,  but 
notable  exceptions  are  known  (table  2,  compounds  24,  26,  35).  Stereoisomers 
of  some  aziridinyl  compounds  were  available  for  testing  (table  3, 
compounds  15,  17,  18),  but  the  differences  in  their  effectiveness  did 
not  appear  to  be  significant,  and  the  results  of  a  single  test  with 
compound  18  in  table  3  are  dubious.   (The  compound  was  available  only 
in  milligram  quantities,  and  its  purity  appeared  to  be  low.)   Although 
there  may  be  an  upper  limit  to  the  molecular  size  of  chemosterilants, 
the  other  physical  properties  of  large  molecules,  particularly  solubility 
'and  transport  characteristics,  may  interfere  with  any  determination 
about  which  factor  was  responsible  for  the  change  in  biological  activity. 
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We  have  already  stressed  that  the  chemosterilizing  effects  of 
a  compound  on  house  flies  do  not  necessarily  indicate  the  scope  or 
activity  of  that  compound  on  other  species  of  insects.   Only  the 
Mexican  fruit  fly  (Anastrepha  ludens  (Loew))  and  the  screw-worm 
(Cochliomyia  hominivorax  (Coquerel))  have  .been  used  in  extensive 
screening  of  chemosterilants,  and  only  a  few  aziridines  have  been 
tested  on  other  insect  species.   Nevertheless,  the  two  broad  general- 
izations about  the  structure-activity  relationship  appear  to  be  valid 
for  all  species  of  insects.   Also,  species  specificity,  which  is 
particularly  pronounced  in  the  nonalkylating  chemosterilants  (3^)  , 
though  still  evident  in  the  aziridinyl  compounds,  is  much  less 
pronounced  than  in  any  other  group  of  chemosterilants. 


EXPLANATION  OF  TABLES 

In  the  tables,  the  entomology  number  (ENT^)  refers  to  code 
numbers  assigned  to  compounds  tested  in  the  Entomology  Research  Division. 
All  compounds  are  named  according  to  the  index  system  used  by 
"Chemical  Abstracts."  Only  compounds  of  known  structure  are  included. 
In  a  few  instances  the  positions  of  substituents  on  the  aromatic  rings 
are  unknown,  and  this  has  been  indicated  in  the  structural  formula 
by  a  long  line  reaching  the  center  of  the  aromatic  system.   Under  the 
heading  Source,  the  following  abbreviations  are  used:   PCRB  (Pesticide 


Chemicals  Research  Branch,  Entomology  Research  Division,  Beltsville, 
Md.),  CCNSC  (Cancer  Chemotherapy  National  Service  Center,  National 
Institutes  of  Health,  Public  Health  Service,  Bethesda,  Md.),  and 
USDA  (U.  S.  Department  of  Agriculture).   Under  Concentration,  the 
percentages  are  based  on  the  number  of  grams  of  test  compound  added 
to  100  grams  of  dry  food. 

Under  the  sterilization  columns  are  shown  the  effects  of  the 
test  compound  when  it  was  administered  to  both  sexes  on  percent  hatch 
and  percent  pupae.   Numbers  followed  by  the  male  sign  (o^)  refer  to 
effects  of  the  compound  administered  to  males  only.   Numbers  in 
parentheses  are  values  obtained  when  the  experiments  were  duplicated, 
but  if  the  parenthesis  is  followed  by  o* ,  the  numbers  indicate  the 
results  of  second  or  third  eggings  of  untreated  females  crossed  with 
treated  males.   Dashes  (  -  )  indicate  that  the  experiment  was  not 
performed  at  the  given  level  in  one  of  the  diet  media.   The  notation 
NO  (no  oviposition)  means  that  the  females  laid  no  eggs,  even  after 
repeated  egging. 
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